Introduction
============

In recent years, stimuli-responsive systems,[@cit1] which can undergo reversible physical or chemical changes upon an internal/chemical or external/physical trigger,[@cit2] have gained significant research interest due to their powerful use in *e.g.* drug delivery[@cit3]--[@cit5] and controlled release systems[@cit6],[@cit7] and their wide field in potential applications not only in biomedical technologies, but also separation and purification technologies,[@cit8] and sensor interfaces.[@cit9]--[@cit11] While internal switching is accompanied by an addition of chemicals (pH, ionic strength, solvent composition), the external switching is possible by application of a magnetic/electric field,[@cit12] irradiation, or a change in temperature.[@cit13] The advantage of an electrochemical stimulus is the change in composition without any addition of chemicals. Hence the electrochemical stimulus is simple and clean and can be widely applied in biological systems and materials science.[@cit10],[@cit14]--[@cit17] In this respect, nanoelectrochemistry has moved into the focus. One aspect is the understanding of electrochemical processes in a single colloidal entity, which can be even of more complex architecture (like for gold nanorods or gold-core/silver-shell nanoparticles).[@cit18],[@cit19] Less common is the use of polymeric nanoparticles.[@cit20] Though redox-active polymers have been known for decades, utilization of an electrochemical stimulus[@cit21]--[@cit23] to switch polymer properties is a rather undiscovered field compared to the vast majority of reports dealing with stimuli such as temperature, light and pH to induce changes in the polymer chain conformation.[@cit13],[@cit24] This particularly holds for microgels,[@cit25] which are crosslinked polymeric particles in the colloidal size range, often with an ability to undergo a volume phase transition (VPT) upon response to the environmental changes.[@cit9],[@cit11],[@cit26] Recent progress in use of "smart" multi-responsive microgels as central component of advanced, functional colloidal materials for controlled drug delivery[@cit14] systems and sensors[@cit27]--[@cit31] illustrates the importance and the need of further research in this direction.[@cit9] In many cases, temperature-responsive poly(*N*-isopropylacrylamide) (PNIPAM) acts as a microgel scaffold, which exhibits a VPTT (volume phase transition temperature) in aqueous environment within a narrow temperature range around 32 °C, close to body temperature.[@cit26],[@cit32]

In contrast, redox-active gels[@cit33] and microgel dispersions are less common. Most instances deal with chemical oxidation of *e.g.* poly(ferrocenylsilane) (PFS) moieties[@cit34]--[@cit36] or emphasize non-aqueous systems.[@cit24] Vancso and co-workers took advantage of redox-switchable PFS in polyelectrolyte multilayer capsules for changing the permeability.[@cit37],[@cit38] Also vesicle permeability was switched *via* redox-responsive self-assembly of amphiphilic block copolymers and polyoxometalates.[@cit39] Redox active colloids were used for redox flow batteries.[@cit40] Injectable conducting hydrogels[@cit41] with self-healing properties (based on host--guest self-assembly)[@cit39],[@cit42] are promising for cardiac tissue repair.[@cit43] Alternatively, electrode surfaces were modified with an active layer,[@cit44] where the local electrochemistry influences the phase transition of electroactive gel layers[@cit45] and *vice versa*. Hence, the electrochemistry can be affected by the temperature induced phase transition of thin films/brushes, which are attached to electrodes.[@cit46]--[@cit50] However, the electrochemical manipulation of the microgel state and of the swelling/collapse behavior of these dispersed particles has almost been neglected.[@cit13] Recently we demonstrated a microgel size manipulation by purely electrochemical means.[@cit51] Here the change in size is based on a host/guest interplay: the valency of guest counterions is switched electrochemically and the dimensions of the host microgels are influenced by the difference in complexation behavior of the differently charged counterions. In this case, the molar ratio of host microgel to multivalent counterion is decisive for the electrochemical switching ability. Hence, it would be beneficial to alleviate the need of adjustment of the host and guest quantities. As a remedy, the permanent/covalent attachment of the redox-active groups to the polymer network can be suggested. At the same time, an electrochemical response in size and polarity is expected at any dilution. As a possible avenue to such electrochemically-active systems, ferrocene units (Fc) can be incorporated into the network,[@cit52],[@cit53] yielding organometallic polymers. Organometallic polymers have attracted considerable attention, as they combine the processing characteristics of organic polymers with the properties common for transition metals, and thus impart unique electrical, optical, magnetic and catalytic properties to these polymers.[@cit54]--[@cit59] Polymers bearing a ferrocene moiety have been subject of research for years and attracted attention due to their variety of promising properties, such as redox, magnetic, photophysical and semiconductive features.[@cit24],[@cit60]--[@cit65] Water-soluble polyvinylferrocene (PVFc) derivatives were used to explore redox-controlled drug delivery agents as various water-soluble ferrocenium salts have been shown to display anticancer activity.[@cit66],[@cit67] Also supramolecular systems based on ferrocene in combination with cyclodextrins were extensively studied with regard to an electrochemical response.[@cit10],[@cit64] Again, the host--guest interplay takes the crucial role in the electrochemically triggered assembly and disassembly of these supramolecular structures. When now favorably combining different stimuli-sensitive moieties into one microgel,[@cit24] the core--shell architecture offers some advantages. This is also seen when considering the diverse and widespread applicability of core--shell particles consisting of inorganic cores and organic shells and *vice versa*,[@cit68]--[@cit71] combining more than one functional property. These entities attracted great interest with focus on coating, electronics, biomedical applications, optics, catalysis, separation and diagnostics.[@cit70],[@cit71] Advantageous of core--shell particles is the possibility to encase the core material in a shell with different compositions to protect the core from extraneous chemical and physical changes.[@cit68] At the same time, colloidal stability might be imposed. However, the synthesis of these functional core--shell particles is complex and requires often several steps.

In our study, we describe a one batch precipitation polymerization to obtain core/shell particles with a poly(vinylferrocene)-rich core and a poly(*N*-isopropylacrylamide)-rich shell based on the different reactivities of the two monomers.[@cit60],[@cit72] The hydrophobic vinylferrocene (VFc)[@cit34],[@cit64],[@cit73],[@cit74] can be polymerized in water using solubilizing β-cyclodextrin (CD), which forms an inclusion compound with ferrocene units.[@cit75] As shown by Shishido *et al.*/Ritter *et al.*, linear copolymers containing NIPAM are accessible in the same manner.[@cit76],[@cit77] Beside the temperature-responsive behavior of PNIPAM, the incorporation of the redox active monomer VFc makes the system addressable for an additional stimulus, which can be triggered by both, chemical and electrochemical means. The accompanied change from a neutral to a positively charged species results in a significant increase in the microgel volume ([Scheme 1](#sch1){ref-type="fig"}). This is due to the polyelectrolyte effect, which can be traced back to contributions of the osmotic pressure of confined counterions and repulsion of the positive charges in the oxidized state (Fc^+^). Usually, the switching of polarity induces a drastic change in solubility and many solvents become inappropriate for one of the two states.[@cit24],[@cit78],[@cit79] In our case, we can overcome this limitation by introducing a more solubilizing shell around the ferrocene core, which offers the opportunity to conduct experiments both in water and organic solvents. This is due to the high NIPAM-content in the shell, as PNIPAM as such is well soluble in (cold) water as well as in organic solvents like THF. At the same time, the morphological changes upon an electrochemical trigger may become relevant for different fields of application. To date, electrochemically-induced polarity changes of colloidal/micellar systems were hardly in the focus, specifically for microgels.[@cit80] This offers possible applications in controlled drug release devices upon entrapment of negatively charged, or hydrophobic drugs and controlled release upon switching to the neutral Fc, or charged Fc^+^ state electrochemically[@cit14],[@cit81] (*e.g.* in the vicinity of implants). Hence, this study addresses the preparation, the (electrochemical) characterization of the microgels alongside with redox-induced uptake/release of guest molecules into the microgel network (for bactericidal action) and with biocompatibility tests.

![Schematic illustration of reversible volume and polarity modulation of core--shell microgels (core contains mainly ferrocene units while shell contains mainly *N*-isopropyl acrylamide), allowing the transition of a solid core to a highly swollen (hollowish) domain.](c8sc04369h-s1){#sch1}

Experimental section
====================

Materials
---------

Vinylferrocene (97%, VFc), methyl-β-cyclodextrin (CD), 2,2′-azobis(2-methylpropionamidine)dihydrochloride (97% AAPH, V 50), triclosan and iron([iii]{.smallcaps}) chloride hexahydrate (98%, FeCl~3~·6H~2~O) were purchased from Sigma-Aldrich. The crosslinker *N*,*N*′-methylenebis(acrylamide) (BIS) and the surfactant *N*-cetyl-*N*,*N*,*N*-trimethylammonium bromide (CTAB) were purchased from AppliChem, the monomer *N*-isopropylacrylamide (NIPAM) from Acros Organics. The redox-responsive salt potassium hexacyanoferrate([iii]{.smallcaps}) (K~3~\[Fe(CN)~6~\]) was purchased from Merck and the polyelectrolyte poly(styrene sulfonate) sodium salt (PSS) *M*~w~ = 3610 g mol^--1^, PDI \< 1.2 was purchased from PSS Polymer Standards Service GmbH. All chemicals were used as received without any further purification. Deionized water (18.2 MΩ) from Millipore Milli-Q-purification system was distilled twice and used in all experiments.

Synthesis of P(NIPAM-*co*-VFc) core--shell microgels
----------------------------------------------------

In a three-necked 250 mL flask equipped with a flat anchor-shaped mechanical stirrer, a reflux condenser and a nitrogen in- and outlet 0.642 g of the CD was dissolved in 95 mL bidestilled water to solubilize 0.104 g (0.5 mmol, 4 mol%) of the hydrophobic VFc under nitrogen stream. The solution was heated to 65 °C and 1.347 g (12 mmol, 91 mol%) of NIPAM, 0.108 g (0.7 mmol, 5 mol%) of BIS and 0.004 g (12.5% of the cmc = 0.92 mM) of CTAB were added to the reaction mixture and degassed with N~2~ over 1 h. The reaction was started by injecting the degassed initiator solution of 0.054 g (2 mM) V 50 in 5 mL bidestilled water to the reaction mixture. 10 min later, opalescence appeared and the reaction was continued for further 4 h at 65 °C and 200 rpm under nitrogen atmosphere. The reaction mixture was cooled down to room temperature and stirred overnight. The microgel dispersion was purified by ultracentrifugation (3 times at 40.000 rpm) and redispersion of the sediment in bidestilled water, leading to a removal of the CD. The product, a yellowish P(NIPAM-*co*-VFc) microgel (CS1), was freeze-dried after purification for further use. To verify the reproducibility, the polymerization (CS2) was repeated and conversion rate of the two co-monomers was followed by a kinetic study (see below). Comparison of the temperature dependent hydrodynamic radius (ESI Fig. S7[†](#fn1){ref-type="fn"}) shows very similar results for both batches, indicating a rather reproducible polymerization behavior, leading also to a very similar electrochemical addressability. We use mainly sample CS2, except were otherwise stated.

General electrochemical techniques
----------------------------------

Most electrochemical measurements were conducted on the CH Instruments Electrochemical Workstation Potentiostat CHI760D (Austin, Texas, USA). The experiments were performed in a conventional three-electrode setup in a water-jacketed cell connected to a thermostat (Thermo Scientific Haake A28). Electrolysis experiments were performed at 23 °C, or 30 °C while cyclic voltammetry experiments have been performed ranging the temperature between 20 °C to 50 °C. Two kinds of working electrodes have been used. For cyclic voltammetry, a platinum disk electrode, 4 mm disk diameter, and for bulk electrolysis experiments a platinum gauze electrode (35 mm × 30 mm) were used as working electrodes. Further, the counter electrode was chosen corresponding to the experiment. A platinum wire (50 mm) served as counter electrode for bulk electrolysis, which was immersed in 0.1 M KCl in H~2~O separated by a diaphragm from the remaining compartment and a spirally platinum electrode, 23 cm, for cyclic voltammetry measurements. An Ag/AgCl electrode stored in 1 M KCl served as aqueous reference electrode in aqueous solutions. All potentials in the text and figures are referenced to Ag/AgCl. The solutions were purged with Ar for 10 min to remove dissolved oxygen.

### Bulk electrolysis

Bulk electrolysis experiments were performed by application of an oxidation potential of 0.5 V to an initial solution containing either 2.1 mM Fc, (9.5 g L^--1^; ∼1 wt%) of P(NIPAM-*co*-VFc) microgel (containing 1.23 wt% of Fe, CS1) at 23 °C or 1 mM Fc (3 g L^--1^; 0.3 wt%) of P(NIPAM-*co*-VFc) microgel (containing 1.85 wt% of Fe) in 0.1 M KCl at 30 °C. For stepwise oxidation, a charge *Q* of --5 to --23 mC was transferred and the hydrodynamic radius *R*~h~ of the microgel was determined by DLS experiments. This stepwise oxidation was repeated 12 times. For reduction, a potential of 0 V was applied to the Fc^+^ containing microgel dispersion.

### Spectroelectrochemistry

Fluorescence spectroscopy of fluorescence probe 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4*H*-pyran, abbreviated as 4HP (or DCM; 1 × 10^--5^ M; typically prepared by adding a certain volume of 0.01 M 4HP solution in methanol to a 0.1 M KCl solution),[@cit82] was recorded by a FP-6500 spectrofluorometer from Jasco with thermostatable cuvette holder (optical path length for excitation: ∼4 mm, which is partly obstructed by the electrode; optical path length for fluorescence light: ∼0.5 mm) or a SEC2000-UV/VIS spectrometer from ALS (see ESI[†](#fn1){ref-type="fn"}). As cuvette, a SEC-C05 Thin Layer Quartz Glass Spectroelectrochemical Cell Kit with Pt grid electrodes from ALS, Japan, was employed in all cases. The Pt grid working electrode was slightly bent to allow maximum passage of fluorescence light from the vicinity of the electrode to the detector. An Ag/AgCl electrode (stored in 1 M KCl) served as aqueous reference electrode and a Pt wire as counter electrode, all connected to the potentiostat (held either at 0.5 V or 0.0 V against Ag/AgCl; Metrohm Autolab PGSTAT128N, Filderstadt, Germany). All fluorescence spectra were subtracted with limiting residual background spectrum obtained at 34 °C (in the oxidized state; the weak fluorescence band of 4HP at 620 nm in the hydrophilic state was neglected and the pronounced spectral response at 600 nm of 4HP entrapped in PNIPAM-based hydrophobic domain is in accordance with literature;[@cit83] during redox action, each spectrum was measured at 10 min interval time and was smoothed).

Cryogenic transmission electron microscopy (cryo-TEM)
-----------------------------------------------------

For morphological observation, cryo-TEM samples were prepared by rapid vitrification in liquid ethane from aqueous dispersion (0.05 wt%) using plasma-treated lacey carbon grids or Quantifoil (3.5/1) in a vitrobot system. Images were acquired on a LIBRA 120 operating at 120 keV or on a Tecnai T20 operating at 200 keV with a slow scan CCD under low-dose conditions.

Dynamic light scattering (DLS)
------------------------------

Most experiments were performed on an ALV setup equipped with a 633 nm HeNe laser (JDS Uniphase, 35 mV), a goniometer (ALV, CGS-8F), digital hardware correlator (ALV 5000), two avalanche photo diodes (Perkin Elmer, SPCM-CD2969), a light scattering electronics (ALV, LSE-5003), an external programmable thermostat (Julabo F32) and an index-match-bath filled with toluene. Angle- and temperature-dependent measurements were recorded in pseudo-cross correlation mode varying the scattering angle from 35° to 80° at 5° intervals and variation of temperature in the range of 10 °C to 50 °C at 2 K intervals and measurement time of 60 s. The microgel samples were highly diluted to avoid multiple scattering and measured in 0.1 mM CTAB solution to ensure colloidal stability at high temperatures. For data evaluation, the first cumulant from second order cumulant fit was plotted against the squared length of the scattering vector *q*.[@cit2] The data were fitted with a homogeneous linear regression, whereas the diffusion coefficient was extracted from the slope and the hydrodynamic radius *R*~h~ calculated by using the Stokes--Einstein equation. Once, the size distributions obtained from ALV DLS setup were compared with a backscattering probe (NANO-flex from Particle Metrix), which can be directly employed in the electrochemical cell. In both cases, similar results were obtained (ESI Fig. S11[†](#fn1){ref-type="fn"}).

Triclosan loading and release of/from P(NIPAM-*co*-VFc) microgel
----------------------------------------------------------------

5 mL of a predissolved P(NIPAM-*co*-VFc) microgel suspension (3.2 mg mL^--1^) were added to 20 μL of a triclosan stock solution in THF (prepared by dissolving 600 mg Triclosan in 400 μL THF) and stirred overnight. The resulting solution with microgel/triclosan was dialyzed (MWCO 3500 kDa) against water for 2 d. Half of the triclosan loaded microgel suspension was mixed with the oxidizing agent FeCl~3~ in a microgel/FeCl~3~ mass ratio of 1 : 3 (see ESI[†](#fn1){ref-type="fn"}) by addition of 13 μL of the FeCl~3~ stock solution with a concentration of 173 mg mL^--1^. The mixture was stirred for 1 h and both suspensions, the triclosan loaded P(NIPAM-*co*-VFc) before and after oxidation were freeze dried for further use.

Cultering and harvesting of bacterial strain *S. aureus* ATCC 12600
-------------------------------------------------------------------

The strain was grown overnight at 37 °C on an agar plate from a frozen stock that was stored in DMSO at --80 °C. For experiments, one colony was transferred to inoculate 10 mL of tryptone soy broth (TSB, OXOID, Basingstoke, U.K.) at 37 °C for 24 h in ambient air. This preculture was diluted 1 : 20 in 200 mL of TSB and grown under static conditions for 16 h at 37 °C. Bacterial cultures were harvested by centrifugation at 5000*g* for 5 min, washed with potassium phosphate buffered saline (PBS, 5 mM K~2~HPO~4~, 5 mM KH~2~PO~4~, and 150 mM NaCl, pH 7.0), sonicated for 30 s at 30 W (Vibra Cell model VCX130; Sonics and Materials Inc., Newtown, Connecticut, USA, equipped with ice/water cooling) in order to break possible aggregates and subsequently suspended in TSB to a concentration of 6 × 10^5^ bacteria per mL after quantification by use of the Bürker-Türk counting chamber.

Killing of planktonic staphylococci by triclosan-loaded microgels
-----------------------------------------------------------------

To determine the Minimal Inhibitory Concentration (MIC) and Minimal Bactericidal Concentration (MBC), 100 μL of each P(NIPAM-*co*-VFc), triclosan-loaded P(NIPAM-*co*-VFc), the triclosan-loaded and oxidized P(NIPAM-*co*-VFc^+^) -- all with a microgel concentration of *c* = 4.2 mg mL^--1^ -- and the oxidation agent FeCl~3~ (*c* = 1.1 mg mL^--1^) in TSB solution and serial dilution thereof were mixed with 20 μL of a *S. aureus* ATCC12600 suspension in TSB (6 × 10^8^ bacteria per mL) in order to obtain a final concentration of 1 × 10^5^ bacteria per mL and the mixture was incubated for 24 h at 37 °C. The MIC values represent the lowest concentration at which bacterial growth was absent. Subsequently, the MBC values were determined by plating aliquots (10 μL) of suspensions with concentrations yielding no visible growth of bacteria on TSB agar plates and the lowest concentration at which colony formation remained absent was taken as the MBC. The experiments have been performed in triplicates.

Cell culture L929 cells
-----------------------

Mouse adipose derived fibroblasts (L929) were incubated at 37 °C, 5% CO~2~ at maximum humidity. DMEM (dulbecco\'s modified eagle medium) high glucose (completed with 10% FBS (fetal bovine serum), 1% P/S (penicillin, streptomycin) and 0.1% AA2P (ascorbic acid 2-phosphate) in DMEM-HG) was used as growth medium. Cells were harvested from culture flasks using trypsin for 3--5 min at 37 °C. After culturing until ∼80% confluence 30% of the cells were seeded in a new daughter flask. Cells were counted using a Neubauer chamber (hemocytometer).

Cytotoxicity assay (XTT)
------------------------

L929 cells were used to determine the *in vitro* cytotoxicity of P(NIPAM-*co*-VFc) following the ISO 10993-5 protocol. A direct cytotoxicity assay was performed by adding P(NIPAM-*co*-VFc) to mouse adipose derived fibroblasts (L929). Cells were grown and harvested before seeding in a 96-wells plate with a density of 10^4^ cells per well. Cells were incubated for 24 hours to ensure sufficient adhesion and were washed with PBS prior to addition of the microgels compounds. Cells were incubated for 24 and 120 hours together with microgels dispersed in growth medium. For the 120 hour incubation, the medium was exchanged every 48 hours with new microgel containing medium. A mixture of XTT reagent (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2*H*-tetrazolium-5-carboxanilide) and activation reagent PMS (*N*-methyl dibenzopyrazine methyl sulfate) in a volume ratio of 1 : 0.02 (according to protocol) were added to the cells and incubated for 3 hours prior to analysis using absorbance measurements at *λ* = 485 nm and *λ* = 690 nm. The absorbance at 485.0 nm is used for quantifying the metabolic activity observed as the reduction of XTT, while measuring at 690 nm provides the nonspecific absorbance. Statistical analysis was performed using GraphPad (GraphPad Software, La Jolla California USA). All experimental data are presented as average standard deviations over minimum triplicate experiments. Differences were analyzed using One-Way ANOVA, or as indicated and considered to be statistically significant when *p* \< 0.05 (\*) of *p* \< 0.0005 (\*\*).

Results
=======

P(NIPAM-*co*-VFc) microgels responsive to multiple stimuli were obtained by a precipitation polymerization utilizing a one batch synthesis approach in water. To solubilize the hydrophobic vinylferrocene monomer, methyl-β-cyclodextrin was added during the synthesis. The incorporated overall amount of iron (Fe: 1.2--1.9 wt%) in the final microgel was examined by elementary analysis (Table S1, ESI[†](#fn1){ref-type="fn"}) and is in good agreement with the amount adjusted during the synthesis (6 wt% or 4 mol% vinylferrocene corresponding to 1.7 wt% iron). However, a kinetic study revealed a substantial difference in monomer conversion rate ([Fig. 1](#fig1){ref-type="fig"}). This implies a significant difference in composition between central and peripheral parts of the microgel leading to a structured microgel. At the same time, premature abortion of the precipitation polymerization can allow a tuning of the structure and properties of the microgel (Fig. S3--S5, ESI[†](#fn1){ref-type="fn"}). Approaching full conversion, a uniform core--shell-type architecture could be indeed detected by cryogenic transmission electron microscopy (cryo-TEM; [Fig. 1](#fig1){ref-type="fig"}). This can be explained by a central region occupied predominantly by VFc (faster conversion, see [Fig. 1](#fig1){ref-type="fig"}), while NIPAM is located preferentially in the shell, as indicated by the cryo-TEM image ([Fig. 1](#fig1){ref-type="fig"}; VFc gives good contrast due to the electron-rich iron; see also Scanning Transmission Electron Microscopy STEM with Energy Dispersive X-ray spectroscopy EDX in Fig. S24/S25 ESI[†](#fn1){ref-type="fn"}).

![Conversion of VFc and NIPAM during the radical polymerization of the P(NIPAM-*co*-VFc) microgel in H~2~O (left) and cryo-TEM image of P(NIPAM-*co*-VFc) microgel (reduced/pristine state Fc) in H~2~O vitrified from a dispersion at 20 °C (CS1, right).](c8sc04369h-f1){#fig1}

A possible explanation for this exceptional compartmentalization can be sought in the linear region of conversions within the first hour of polymerization ([Fig. 1](#fig1){ref-type="fig"}): the composition of the produced polymer changes only slightly, providing a hydrophobic VFc-rich core. After this initial state, already ∼60% of the VFc was consumed, while ∼90% of the majority component NIPAM is still unreacted, providing a considerable amount of material for the shell synthesis with much lower VFc content. Another explanation for the rather sharp differentiation between core and shell can be found by the gradual shift of the local LCST with radially decreasing VFc content, giving a specific local composition at which the polymer becomes insoluble at the specified temperature used for vitrification before cryo-TEM imaging. This is in line with the properties of a rather homogeneous linear polymer with similar composition, which would turn insoluble at approximately 20 °C.[@cit76] Hence, the size of one domain (the core) can be easily adjusted by temperature (also indicated by comparison of [Fig. 1](#fig1){ref-type="fig"} and [5](#fig5){ref-type="fig"} taken at different temperatures), which is in contrast to most thermoresponsive core--shell microgels. As discussed below, such a variable hydrophobic domain holds promise for uptake and release applications.

Thermo- and redox-response
--------------------------

In contrast to the more gradual increase in core size, the reversible collapse of the remaining non-collapsed PNIPAM shell can be triggered within a narrow temperature region. This volume phase transition temperature VPPT of approximately 32 °C is typical for NIPAM microgels[@cit26] (Fig. S2, ESI[†](#fn1){ref-type="fn"}). The pronounced VPPT is another indication that the collapse is mainly caused by the shell, which is predominantly occupied by PNIPAM. Otherwise, linear copolymers composed of NIPAM and VFc with similar molar ratios as used for the microgel synthesis exhibit a decrease of the lower critical solution temperature (LCST ∼20 °C) compared to pure NIPAM.[@cit76]

The reversible redox response of the incorporated Fc units was demonstrated by cyclic voltammetry (CV) in organic media, which is a good solvent for the whole PNIPAM network (red curve in [Fig. 2](#fig2){ref-type="fig"} and S6, ESI[†](#fn1){ref-type="fn"}). Taking the dimensions of the microgels into account, a direct electron transfer (*via* electron tunneling) into the core of the microgel is very unlikely (tunneling distance of ∼200 nm is much too large for typical tunneling distances of 1--2 nm).[@cit84] Hence, we assume that we primarily address VFc units in the outer parts of the microgels, when conducting electrochemical experiments on short time scale (several seconds), though electron self-exchange/hopping between ferrocene/ferrocenium units could lead to some redistribution of charges within the colloid. A comparison between monomer and microgels is in line with this assumption (see ESI[†](#fn1){ref-type="fn"} for a more detailed derivation): a microgel sample containing the same amount of ferrocene exhibits considerably lower currents than the corresponding monomer solution (dark red curve in [Fig. 2](#fig2){ref-type="fig"}), indicating a reduced addressability of the (inner) microgel-bound ferrocene units (*i.e.* a hindered electron self-exchange/hopping), which is in line with previous discussions on redox-active colloids.[@cit85],[@cit86]

![Cyclic voltammogram CV of 1 mM Fc as monomer (dark red curve) or incorporated into the microgel P(NIPAM-*co*-VFc) (red curve; 3 g L^--1^, 0.3 wt%), both organic medium in 0.1 M TBAP (tetrabutylammonium perchlorate) in CH~3~CN, or in aqueous medium in 0.1 M KCl; at room temperature, scan rate *v* = 5 mV s^--1^ (see ESI[†](#fn1){ref-type="fn"} for enlarged CVs).](c8sc04369h-f2){#fig2}

Compared to organic solvents, the electrochemical addressability of the microgel is further reduced in aqueous media, indicating an additional internal blockade for charge transport (blue curve in [Fig. 2](#fig2){ref-type="fig"}). Nevertheless, on longer time scales, 15% of Fc can be oxidized within 3 h bulk electrolysis at 23 °C (Fig. S9[†](#fn1){ref-type="fn"}), leading already to substantial changes of the microgel properties (see below). The bulk electrolysis cannot be assigned to first-order kinetics, indicating different kinetic regimes (Fig. S9[†](#fn1){ref-type="fn"}). Electrolysis of "conventional" electroactive matter would provide an exponential decay in current under stirring due to proceeding conversion of the reactants.[@cit87] In our case, the exponential decay can only be anticipated for certain time scales, indicating a non-uniform accessibility of the redox-active sites. Though CV currents show a maximum at 34 °C (Fig. S20[†](#fn1){ref-type="fn"}), an increased temperature of 30 °C leads to a reduced bulk switching speed compared to the one at 23 °C. Then, 21% of Fc (which refers approximately to the Fc content in the shell) can be electrochemically oxidized within 2 d during bulk electrolysis, while 100% can be oxidized within approximately 5 d (Fig. S10, ESI[†](#fn1){ref-type="fn"}). Here, electron self-exchange/hopping between the VFc moieties toward the core can eventually lead to a rather full oxidation/reduction of the microgel by electrochemical means. Hence, the electrochemical addressability of the whole colloid can be adjusted by the time scales of the electrochemical experiments, while the colloidal properties are mainly governed by PNIPAM in the shell. The increased timescale of the switching process compared to a triggered microgel size modulation by a counterion switching approach (∼0.5 to 1 h for full electrochemical conversion)[@cit51] can be partly explained by the immobilization of the redox unit directly linked to the microgel network and an additional shielding of the redox units by the NIPAM shell. Our observations of maximum current in CV at 34 °C also indicate that electron self-exchange/hopping is supported by a decreased distance between redox sites[@cit88] in the shell as long as certain dynamics are assured in the network for charge exchange (Fig. S20, ESI[†](#fn1){ref-type="fn"}).[@cit89],[@cit90] Both requirements are fulfilled at intermediate temperatures for the (thin) shell, exhibiting higher currents at short time scales (CV), but requiring a considerably longer time scale for oxidizing the large collapsed core at 30 °C. Finally, all faradaic signals vanish far above the VPTT,[@cit91] which is similar to the processes seen for the microgels modulated by the counterion switching approach:[@cit92] diminished internal mobility[@cit93] of redox-active sites prevents charge transfer/hopping. This effect is also resembled in a temperature-dependent electrochemical impedance spectroscopy study, where the charge-transfer resistance is increased considerably above 36 °C (Fig. S23, ESI[†](#fn1){ref-type="fn"}). Thus, the disappearing faradaic charge transfer at elevated temperatures in H~2~O can be comprehended as an encapsulation of the redox responsive moieties due to the collapsing PNIPAM shell (in contrast, good -- organic -- solvents allow addressability at all temperatures: see *e.g.* Fig. S22, ESI[†](#fn1){ref-type="fn"}). This explains also the reduced electrochemical addressability in water ([Fig. 2](#fig2){ref-type="fig"}) and the prolonged timescales (∼5 d) for a full electrochemical oxidation due to the hindered charge exchange between the more mobile, directly addressable exterior VFc units and the glassy microgel interior, which is compacted by hydrophobic interactions. We conclude that we have rather different redox kinetics within a single particle during electrochemical stimulation. In all cases, the electron transfer/hopping kinetics are strongly coupled to swelling of the matrix network, which in turn is influenced by the overall oxidation state and therefore by the electron transfer itself.

The influence of redox sensitivity on the thermo-response of the microgels and *vice versa* was studied by dynamic light scattering (DLS). Electrochemical oxidation of the neutral Fc moieties leads to a change in hydrophilicity resulting in a partially positively charged microgel. Such a switching to a polyelectrolyte endows an increase in osmotic pressure inside the gel. Hence, swelling occurs in addition to the repulsion of the positively charged Fc^+^ units (ferrocenium ion). The VPTT shifts from originally 32 °C to elevated temperatures (∼35 °C) upon oxidation.[@cit77] The fact that the observable VPTT hardly changes compared to pure PNIPAM is again explained by the major contribution of the VFc-poor shell on the overall hydrodynamic size.

A systematic study of several oxidants to investigate, whether full oxidation of a ferrocene containing polymer can be achieved, yielded that ferric chloride and [l]{.smallcaps}-ascorbic acid are suitable oxidants and reducing agents, respectively, in aqueous solutions.[@cit54] Hence, the oxidation and reduction was carried out both electrochemically (by electrolysis) and chemically (by addition of chemicals FeCl~3~ (pH = 4) and [l]{.smallcaps}-ascorbic acid, respectively, with a molar ratio of 3 : 1 in relation to the Fc units inside the microgel, see [Fig. 3](#fig3){ref-type="fig"}).[@cit54] The microgel swelling behaviors induced by electrochemical electrolysis and chemically by addition of FeCl~3~ are in very good agreement (see Fig. S8[†](#fn1){ref-type="fn"}).

![Hydrodynamic radius against temperature of the electrochemically fully oxidized state Fc^+^ (red) and reduced (non-switched) state Fc (black) of P(NIPAM-*co*-VFc) microgel in H~2~O (left) and chemically oxidized state Fc^+^ (red) by addition of FeCl~3~ and the chemically reduced state Fc (black) by addition of [l]{.smallcaps}-ascorbic acid in H~2~O and the reduced (pristine) P(NIPAM-*co*-VFc) microgel (open symbols, right).](c8sc04369h-f3){#fig3}

The biggest change in hydrodynamic radius *R*~h~ of the microgel is located at intermediate temperatures, between the volume phase transition temperatures of the neutral Fc and the oxidized Fc^+^ state at 34 °C. Consequently, the temperature response enhances the swelling ratio accessible by an electrochemical trigger.

Therefore, the combination of several stimuli and domains is beneficial and favorable from various aspects: protection of the core material from possible degradation, solubilizing the hydrophobic core in water and most importantly an increase of the electrochemical swelling response at intermediate temperatures. Moreover, a recent study on multi-stimuli responsive block copolymer micelles revealed the individual addressability of redox and temperature as external triggers.[@cit94] Thus, a temperature of 34 °C was chosen to analyze the oxidation process stepwise ([Fig. 4](#fig4){ref-type="fig"}) by DLS revealing a gradual swelling of the microgel with increasing transfer of charges and consequently increasing number of ferrocenium moieties (Fc^+^) inside the gel. The size distribution stays narrow during oxidation, giving hardly any sign for bimodality. Hence, the size change occurs simultaneously in a gradual way for all microgels (implying even some limited charge exchange between microgels in bulk dispersion) and not instantaneously in a digital way (full oxidation) for only those microgels, which have impacted and experienced charge transfer at the electrode. This is in line with the observation discussed above.

![Hydrodynamic radius at 34 °C against the transferred charge during stepwise electrochemical oxidation (left) and hydrodynamic radius at 34 °C against the number of switches (right); initial solution of 2.1 mM Fc (95 mg/10 mL; ∼1 wt% P(NIPAM-*co*-VFc), CS1) in 0.1 M KCl; oxidation potential: 0.5 V, reduction potential: 0 V at 23 °C.](c8sc04369h-f4){#fig4}

In order to investigate the reversibility of the microgel size modulation triggered by electrochemical means, the oxidation and reduction was performed several times using the same sample. The fully reversible swelling/collapse of the microgel around Δ*R*~h~ ∼ 90 nm upon oxidation/reduction is demonstrated in [Fig. 4](#fig4){ref-type="fig"}. The volume changes triggered by electrochemical means are around 40% in respect to possible volume changes upon temperature response (Fig. S2, ESI[†](#fn1){ref-type="fn"}). However only 15% of the redox-active species were switched from Fc to Fc^+^ ([Fig. 4](#fig4){ref-type="fig"} and S9, ESI[†](#fn1){ref-type="fn"}), which leads to shortened response times of the colloidal suspension while still having maximum change in size (within 2 h). Any longer electrolysis does not provide significant changes in hydrodynamic radius *R*~h~ (see Fig. S10, ESI[†](#fn1){ref-type="fn"}). However, full electrochemical oxidation and chemical oxidation with FeCl~3~ reveal nearly the same final size (Fig. S8, ESI[†](#fn1){ref-type="fn"}) and similar reversibility ([Fig. 3](#fig3){ref-type="fig"}), whereas the swelling of the positively charged core seems to be restricted by the NIPAM shell.

Cryo TEM imaging method was used to analyze and visualize the microgel structure at both states at 34 °C before and after electrochemical, or chemical switching ([Fig. 5](#fig5){ref-type="fig"}).[@cit95] While the core--shell morphology is clearly seen before electrochemical oxidation, the core starts to disappear partially upon oxidation due to swelling (repulsion of Fc^+^ units). Here 50% of the Fc units are oxidized leading to a decrease in core radius from *R*~C~ (Fc) = 102 nm ± 11 nm to *R*~C~ (Fc^+/50%^) = 56 nm ± 4 nm ([Fig. 5B](#fig5){ref-type="fig"}). These results show that not only the shell network is electrochemically addressable, but also the core reacts (slowly) on the oxidation (the core units are partially oxidized in the more mobile regions, and/or the swollen shell facilitates partial core swelling due to network strain). Also, the swelling of the total core--shell microgel particles upon oxidation can be followed by cryo TEM from *R*~CS~ (Fc) 311 nm ± 16 nm to *R*~CS~ (Fc^+/50%^) 384 nm ± 47 nm ([Fig. 5A and B](#fig5){ref-type="fig"}), yielding in general bigger particle radii *R*~CS~ compared to hydrodynamic radii *R*~h~ determined by DLS (which might be due to partial deformation of the microgels within the thin layers of vitrified water). In addition, the difference in radii Δ*R*~CS~ = 70 nm is smaller compared to Δ*R*~h~, originating from the low contrast of the swollen polymeric NIPAM shell in the cryo TEM images.

![Cryo TEM images of the pristine reduced Fc microgel ((A), blue), electrochemically oxidized state Fc^+^ (50% of the Fc oxidized, (B), red) and chemically oxidized state Fc^+^ (100% of the Fc oxidized, (C), light green) of P(NIPAM-*co*-VFc) microgel in H~2~O vitrified from a dispersion at 34 °C; right: enlargements of marked microgels (with size comparison).](c8sc04369h-f5){#fig5}

Besides an electrochemical stimulus, the chemical oxidation allows a more rapid oxidation of the core. The full oxidation leads to microgels with an opposite structure compared to the pristine microgels. Instead of a core--shell architecture with dense core, full oxidation provides core--shell structures with a highly swollen core with a radius of *R*~C~ (Fc^+/100%^) = 129 nm ± 17 nm ([Fig. 5C](#fig5){ref-type="fig"}) and a less swollen shell *R*~CS~ (Fc^+/100%^) 386 nm ± 34 nm (hollowish microgel;[@cit96][Fig. 5C](#fig5){ref-type="fig"}). This structure corroborates again the high content of ferrocene in the core, leading to pronounced swelling due to a high charge density and high local osmotic pressure after oxidation. The chemically oxidized microgels were electrochemically reduced (Fig. S26, ESI[†](#fn1){ref-type="fn"}), then resembling the pristine microgels. This indicates that the electrochemical reduction is facile and even allows a reduction of the core. This can again be explained by the unfavourable high charge density and the gain in hydrophobic interactions upon core reduction, leading to an electron funneling toward the core (electron harvesting).

In sum, these core--shell microgels are unique, as other "one-shot" copolymer microgels with interior collapsed phases show often a "dirty snowball" structure.[@cit97]*E.g.* poly(*N*-isopropylacrylamide-*co*-1-vinyl-3-alkylimidazolium bromide), P(NIPAM-*co*-VIMnBr) with long alkyl chains exhibit nanophase separated structures (8--12 nm in radius) based on hydrophobic domains, which are randomly distributed inside the microgel.[@cit98]

Uptake and release of guest molecules
-------------------------------------

After structural investigation and insight into the redox properties of the microgels, we are interested in changes in polarity of these constructs for triggered uptake/release.[@cit99] While specific ion adsorption of polymer-modified electrodes has been demonstrated before,[@cit100] the shuttling of hydrophobic molecules was less regarded. In order to demonstrate the change in polarity of the microgel upon switching, uptake/release experiments were performed with hydrophobic fluorescence dyes and negatively charged counterions (for hexacyanoferrates and linear polyelectrolytes: see ESI[†](#fn1){ref-type="fn"}).

As model compounds for *e.g.* hydrophobic drug molecules, polarity sensitive fluorescence dyes are suitable probes: the emission characteristics are altered in dependence of the polarity of their surroundings. During spectroelectrochemistry, we employ 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4*H*-pyran, abbreviated as 4HP or DCM, which is sensitive both toward polarity (by a shift in the maximum of the emission spectrum) and toward microviscosity (by modulation of the fluorescence intensity). Due to the reduced sensitivity of the spectroelectrochemical setup for fluorescence experiments (platinum grid working electrode partly obstructs the passage of light), we cannot resolve the location of the weak fluorescence peak at ∼620 nm of the freely dissolved dye (*i.e.* in hydrophilic aqueous surroundings *e.g.* for the oxidized state; 4HP quantum yield in 0.1 M KCl only 1.4% -- see ESI[†](#fn1){ref-type="fn"}). But as evidenced in [Fig. 6](#fig6){ref-type="fig"} (purple curve, left hand side), the incorporation of the dye into a hydrophobic (reduced) domain with high microviscosity is indicated by the pronounced peak at 600 nm (excitation at 470 nm). This incorporation is corroborated by the temperature-dependent measurement in the same setup, which resembles very much literature data[@cit83] (see ESI Fig. S14[†](#fn1){ref-type="fn"}), and by the fluorescence analysis of the supernatant separated at the different redox states. This shows a 4HP uptake into the microgels in the reduced state, which is reversed in the oxidized state (see ESI[†](#fn1){ref-type="fn"}). This correlation between dye uptake and its fluorescence intensity increase was utilized to study the electrochemical uptake and release of hydrophobic substances for our microgels (see [Fig. 6](#fig6){ref-type="fig"}). Indeed, the fluorescence intensity is reduced upon oxidation at constant temperature, indicating the release of fluorescence probes. In a reversible fashion, the dye molecules can return into the microgels upon reduction. Taking into account the fluorescence quenching of 4HP by ferrocene by photoinduced electron transfer,[@cit101] the response in [Fig. 6](#fig6){ref-type="fig"} is probably mainly related to the 4HP located in the shell with low ferrocene but high NIPAM content. That means that the average distance between ferrocene and 4HP is still so large that total quenching is suppressed in the shell, but still substantial differences in solubilization of at least part of this network can be invoked by the oxidation and reduction of the electroactive units. Taking further into account the reduced electrochemical reactivity of the core, these microgels act as a two-compartment reservoir for hydrophobic substances, allowing in sum the adjustment of advanced release profiles.

![Change of 4HP fluorescence upon electrochemical oxidation at 0.5 V (A), subsequent reduction at 0 V (B), re-oxidation at 0.5 V (C); all potentials against Ag/AgCl) and the summary of the repetitive switching (D) of 1 mL of a 3 g L^--1^ microgel CS1 dispersion (in 0.1 M KCl and 1 × 10^--5^ M 4HP; the colored curves represent measurements with intervals of 10 min between them; all spectra were recorded with *λ* = 470 nm excitation and corrected for residual background).](c8sc04369h-f6){#fig6}

Hence, the system under investigation is promising for the stimulated uptake/release of active components. This can be utilized in corrosion protection as well as in biomedical context (*e.g.* coupled with smart implant devices containing biosensor feedback loops for automatized controlled release of bioactive substances). For the latter purpose, we also assessed the biocompatibility of the microgels.

Cytotoxicity
------------

In order to access the possibility of future applications in the bio-medical field, the cytotoxic effect of P(NIPAM-*co*-VFc) microgels towards L292 mouse fibroblasts was tested. Cytotoxicity was determined for three concentrations of microgel particles using a XTT cell viability assay after 24 h ([Fig. 7](#fig7){ref-type="fig"}) and 5 d (ESI[†](#fn1){ref-type="fn"}) in comparison to cells not exposed to the microgel. Although differences are significantly different for some concentrations of both, the oxidized and reduced form of the microgel, the normalized absorbance is always above 80% and thus not considered cytotoxic. Surprisingly, this is even true for completely oxidized microgels, being cationic particles. One reason for the enhanced biocompatibility can be found in the peculiar microgel structure. As the polarity is changing predominantly in the microgel interior and the polar Fc^+^ groups are surrounded by a protecting PNIPAM shell, the zeta potential *ζ* (Fc) = 1.0 mV ± 4.0 mV is not changing considerably upon oxidation *ζ* (Fc^+^) = 3.3 mV ± 4.5 mV. At the same time, the detrimental interaction with negatively charged cell components is probably minimized. Hence, the zeta potential is in line with the negligible changes in biocompatibility of the microgel particles upon electrochemical switching. This assures their possible future use in *e.g.* medical context after adjusting the optimal temperature-dependent properties to the specific biomedical need (according to Fig. S20,[†](#fn1){ref-type="fn"} the maximum temperature for electrochemically-induced release is close to 36 °C for our system).

![Normalized absorbance (cell viability of L929 mouse fibroblasts) at varying concentrations of P(NIPAM-*co*-VFc) microgel reduced (pristine) Fc and electrochemically oxidized Fc^+^ state at 37 °C after 1 d, \* assigns statistical significant difference *p* \< 0.05 and \*\**p* \< 0.0005.](c8sc04369h-f7){#fig7}

Staphylococcal killing by triclosan loaded microgels
----------------------------------------------------

In order to demonstrate the applicability of this system, the model drug triclosan was encapsulated into the hydrophobic part of the nanocontainer P(NIPAM-*co*-VFc) and the killing efficiency of triclosan-loaded nanocarriers, Minimal Inhibitory (MIC) and Minimal Bactericidal Concentrations (MBC) for planktonic *S. aureus* ATCC12600 in planktonic growth mode were determined, as listed in [Table 1](#tab1){ref-type="table"}.

###### Minimal Inhibitory (MIC) and Minimal Bactericidal Concentrations (MBC) of *S. aureus* ATCC12600 against unloaded P(NIPAM-*co*-VFc), triclosan loaded P(NIPAM-*co*-VFc) and triclosan loaded and released form P(NIPAM-*co*-VFc^+^) upon chemical oxidation with FeCl~3~

                                     MIC \[μg mL^--1^\]   MBC \[μg mL^--1^\]
  ---------------------------------- -------------------- --------------------
  P(NIPAM-*co*-VFc)                  27                   219
  P(NIPAM-*co*-VFc) + triclosan      6.5                  104
  P(NIPAM-*co*-VFc^+^) + triclosan   3.3                  13

Although already the unloaded microgel P(NIPAM-*co*-VFc) is able to kill the model microbe *S. aureus* ATCC12600, which is attributed to the Fe([ii]{.smallcaps}) as previously reported in literature,[@cit102] loading with triclosan increases the killing efficiency. It is expected that the drug can diffuse from the microgel to a certain extent and kill bacteria based on the deformability and porosity of the microgel. At culture conditions (37 °C) the temperature responsive microgel is present in its deswollen state (see [Fig. 3](#fig3){ref-type="fig"}) Then, the distribution of hydrophobic triclosan is determined by the Nernst partitioning law, probably allowing major entrapment of the drug. The partitioning is shifted to free triclosan by both temperature and oxidation state, leading to a substational release of triclosan upon oxidation (though the microgel size has only increased from the complete collapsed state by 50 nm at 37 °C, [Fig. 3](#fig3){ref-type="fig"}). This mechanism is in contrast to the sponge-like release of more hydrophilic cargoes by an outward flow of the solvent induced by the collapsing microgel, as described earlier.[@cit103] However, the triggered release of the model drug from the interior of the nanocarrier upon chemical oxidation is most effective in terms of bactericidal killing efficiency. A remarkable decrease in MBC from 104 μg mL^--1^ to 13 μg mL^--1^, one order of magnitude could be achieved upon the triggered release of triclosan ([Table 1](#tab1){ref-type="table"} and [Fig. 8B and C](#fig8){ref-type="fig"}). Thereby the oxidation agent FeCl~3~ didn\'t show any influence on the bacterial growth of *S. aureus* ATCC12600 under the used concentrations (see ESI, Fig. S18[†](#fn1){ref-type="fn"}).

![Representative images of TSB agar plates for determination of the MBC (Minimal Bactericidal Concentration) of *S. aureus* ATCC12600. (A) in presence of the unloaded P(NIPAM-*co*-VFc) microgel, MBC (section 6) = 219 μg mL^--1^; (B) triclosan loaded P(NIPAM-*co*-VFc) microgel, MBC (section 7) = 104 μg mL^--1^; (C1 and C2) triclosan loaded P(NIPAM-*co*-VFc^+^) microgel after oxidation with FeCl~3~, MBC (section 9, 2.1 of C2) = 13 μg mL^--1^.](c8sc04369h-f8){#fig8}

Conclusion
==========

The use of electroactive microgels with complex architecture and double stimuli-sensitivity allows a fine-tuning of the (internal) electrochemical addressability and response times. These are directly coupled to an electrochemical switch in hydrophilicity/hydrophobicity, size or internal structure. Even more, it can combine different features into a colloid, which are often exclusive. As an example, oxidation provides a polycationic microgel, which in turn has a negligible effect on cytotoxicity due to the shielding of the major cationic sites in the interior of the particle. At the same time, the electrochemical addressability is still possible owing to the few (cationic) redox-active sites in the outer microgel part, which do not impart cytotoxicity. Then, network fluctuations facilitate the charge transport from the outer shell into the colloid interior. More specifically, our approach involves a method to generate architecturally advanced core--shell type microgels taking advantage of different reactivities of *N*-isopropylacrylamide (NIPAM) and vinylferrocene (VFc) and the intermediate solubilization of VFc with help of cyclodextrin. The resulting P(NIPAM-*co*-VFc) microgels can exhibit a remarkable electrochemically triggered swelling compared to the amount of oxidized ferrocene units. Further, the compact solid PVFc-rich core can turn into a highly swollen hydrophilic domain. The uptake/release of guest molecules is demonstrated upon switching polarity, which makes these microgels interesting for various biomedical applications, probably extending towards release of hydrophobic drugs or hydrophilic enzymes upon tailoring the properties suitable for the specific purpose.
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